The additional energy requirements of pregnancy are needed for increases in maternal (breast, uterus and adipose) and feto-placental tissue accrued during pregnancy as well as the additional running cost of pregnancy for example increased cardiac output. Based on prospective longitudinal studies, the additional energy requirements of pregnancy range from b 500 MJ in Swedish women to net savings of approximately 50 MJ in women in The Gambia with their usual nutritional intake. In addition to the wide variation in estimated energy expenditure among various ethnic populations, there is as much as a 10 ± 20 fold range in the total energy cost of pregnancy and lactation within relatively homogenous populations. The estimates of energy intake in these studies, however, are generally less than the estimates of total energy expenditure. The discrepancy between energy intake and energy expenditure during pregnancy is most probably due to several factors including decreased maternal activity, unreliable reporting of energy intake and possibly increased metabolic ef®ciency of basal metabolic rate, thermic effect of foods and physical activity. Based on recent studies, variations in maternal pregravid glucose insulin sensitivity may account for part of the observed variability associated with maternal metabolic adaptations during pregnancy. Decreases in insulin sensitivity have a signi®cant inverse correlation with accretion of adipose tissue in early pregnancy. Likewise, there is a signi®cant inverse correlation between decreases in basal oxygen consumption with increases in endogenous glucose production. The mechanism for these changes remain speculative. Additionally, although serum leptin concentrations increase 66% in early pregnancy and are correlated with maternal fat mass and basal energy expenditure, the increases in serum leptin occur prior to any signi®cant increases in body fat or basal metabolic rate suggesting that pregnancy represents another leptin resistant state. Based on these data, speci®c recommendations for acceptable carbohydrate and fat intake during pregnancy and lactation are not possible for every woman at this time. Additional prospective studies, evaluating long-term maternal and neonatal outcome are needed before more meaningful nutritional recommendations can be proposed.
Introduction
The energy requirements of pregnancy range from a cost of b 500 MJ (Forsum et al, 1992) to a net energy saving of up to 42 MJ (Lawrence et al, 1987) . The importance of de®ning an acceptable range of energy requirements for each population cannot be overemphasized, for there are potential problems with both excessive and inadequate energy intake. In the United States and other developed countries, there are problems of maternal obesity and fetal macrosomia, whereas in underdeveloped areas of the world problems of malnutrition or undernutrition and low birth weight neonates are more prevalent. As a result, the recommendations for nutritional intake during pregnancy are diverse depending on the population being evaluated. Furthermore, based on more recent data, recommendations for individuals within a population may need to be more diverse than previously believed, making general guidelines for nutritional intake dif®cult, if not impossible.
In this paper, we plan to review the recommendations for energy intake in pregnancy and lactation with emphasis on longitudinal studies employing techniques such as the doubly labeled water method to assess energy expenditure in the free living state and whole body calorimetry to assess the various components of total energy expenditure (basal metabolic rate, thermic effect of food and activity). We also plan to review the data relating to the wide variations in maternal fat accretion during pregnancy. Recent data relating the wide variation in energy expenditure and maternal fat accretion in pregnancy with alterations in maternal insulin sensitivity will also be reviewed as well as the longitudinal changes in maternal serum leptin concentrations in relationship to maternal body composition and basal metabolic rate.
Theoretical energy cost of pregnancy
The theoretical energy cost of pregnancy was originally estimated by using the factorial method. The additional energy requirements of pregnancy consist of two components: (1) the additional maternal and fetalaplacental tissue accrued during pregnancy and (2) the additional running cost of pregnancy, such as increased maternal cardiac output. Table 1 shows the theoretical increments in maternal and fetalaplacental tissue and the increments in energy expenditure in 10 week intervals as estimated by . Maternal accretion of adipose tissue occurs primarily between 10 and 30 weeks gestation. In the last 10 weeks of pregnancy, adipose tissue accretion is primarily fetal. There is no appreciable storage of carbohydrate as glycogen during pregnancy in either mother or fetus. When one examines the total net energy requirements of pregnancy, the greatest increases occur between 10 and 30 weeks. Again, this is predominantly because of increases in maternal adipose tissue. The validity of these theoretical caloric demands of pregnancy in various populations as well as how to meet the additional energy demands of pregnancy have been and continue to be a source of considerable controversy. Longitudinal studies in women planning a pregnancy, and continuing through the pregnancy, helped to resolve many but not all of these issues.
Longitudinal changes in maternal body composition
One of the major components of the energy cost of pregnancy is the accretion of maternal adipose tissue. The mean increases in maternal adipose tissue in different ethnic populations are given in Table 2 , and range from a mean increase of over 5 kg in Swedish women (Forsum et al, 1988) to essentially no fat accretion in women in The Gambia on their usual nutritional intake (Lawrence et al, 1987) . Of interest, nutritional supplementation of 1.8 MJad during pregnancy resulted in a net accretion of 2.0 kg of adipose tissue in women from The Gambia (Lawrence et al, 1987) . Although Lederman et al (1997) have reported that increases in maternal adipose tissue during pregnancy have an inverse correlation with pregravid body mass index (BMI) ( Table 3) , others (Goldberg et al, 1993) have found no relationship between basal metabolic rate (BMR), total energy expenditure (TEE), or pregravid fat mass with accretion of adipose tissue during pregnancy. Langhoff-Roos et al (1987) , however, reported that there was a weak but signi®cant correlation between energy intake adjusted for physical activity and maternal fat accretion at 17 weeks gestation (r 0.31, P 0.03) in Swedish women. The increases in maternal adipose tissue appear to occur linearly over time but there may be a decrease in some women after 30 ± 34 weeks gestation (Goldberg et al, 1993) . Care must be taken in the interpretation of these data because of the wide variety of methods used to estimate body composition in pregnancy and the physiologic alterations in tissue hydration which occur during normal pregnancy. These alterations in maternal hydration affect many of the assumptions in densitometry and total body water methods used to assess body composition in non-gravid individuals (Catalano et al, 1995) .
Longitudinal changes in maternal basal metabolic rate
Basal metabolic rate accounts for approximately 70% of TEE in individuals not engaged in competitive physical activity and correlates very well with TEE (r 0.98) . As with the changes in maternal accretion of adipose tissue, there are wide variations in maternal BMR not only in different ethnic populations but again within relatively homogeneous groups. The cumulative mean increases in BMR in various populations are shown in Table 4 . The cumulative changes in BMR range from a high of 218 MJ in Swedish women (Forsum et al, 1992) to 745 MJ in women from The Gambia without nutritional supplementation (Lawrence et al, 1987) . Women with the least increase (or decreases) in BMR tend to be thin . The mean increase in BMR in Western European women relative to their nonpregnant, non-lactating pregravid status, averages approximately 20% (King et al, 1994) . However, the coef®cient of variation in BMR in these populations during gestation ranged from 93% in women in the United Kingdom to over 200% in Swedish women (Forsum et al, 1992) .
Longitudinal changes in maternal total energy expenditure
In order to fully assess the total energy cost of human pregnancy, clinical studies need to be longitudinal in order to decrease the wide inter-individual variability in the data, as discussed previously. Additionally, the baseline Fat  232  982  866  130  152  Oxygen consumption 187  413  618  947  149  Total net energy  434  1438  1595  1221  323 With permission from . Lederman et al (1997) . Acceptable carbohydrate and fat intake PM Catalano data should be obtained prior to conception during a speci®c time of the menstrual cycle (Webb, 1986) in order to decrease variability in the data obtained. In addition to BMR and alterations in maternal fat stores, other components of the total energy cost of pregnancy include the energy associated with activity as well as the thermic effect of food. In the past 10 y, such studies have been carried out by Durnin (1991) and collaborators, Forsum et al (1992) and in diverse populations in Europe, Africa and Asia. Not surprisingly, these studies demonstrate that the energy cost of pregnancy varies depending on the population being evaluated, with the greatest estimates (b 500 MJ) again being reported in Swedish women (Forsum et al, 1992) and in women with unsupplemented diets in The Gambia having a net saving of approximately 50 MJ (Lawrence et al, 1987) . Dutch (van Raaij et al, 1987) and Scottish When assessing the energy intake in relation to energy expenditure in these studies, however, estimated energy intake remains signi®cantly lower than the estimates of total energy expenditure (TEE). These discrepancies have usually been explained by factors such as: (1) increased metabolic ef®ciency (for example, in BMR, thermic effect of food, and work); (2) decreased maternal activity; and (3) unreliable assessment of energy intake.
De Groot et al (1994) , in a longitudinal study of 12 Dutch women commencing prior to conception, found no change in either digestibility or metabolizability of energy throughout 8 d energy balance studies before or during pregnancy using whole body calorimetry chambers. With respect to changes in BMR, Lawrence et al (1987) have described decreases in BMR relative to pregravid measurements through 30 weeks gestation. Interestingly, in women from the Gambia whose diets were supplemented, the return to pregravid values occurred earlier and the decreases were not as great as in women whose diets were not supplemented. These data suggest that nutritional intake can affect BMR as well as maternal fat accretion thereby increasing the energy cost of pregnancy. Although BMR generally increases with advancing gestation, decreases in BMR have been noted in about 25% of subjects followed by Goldberg et al (1993) in the United Kingdom through 24 weeks gestation. Illingworth et al (1987) described a 28% decrease in the thermic effect of a meal using indirect calorimetry in mid pregnancy in comparison with measurements obtained post partum in the same seven women after the cessation of lactation. At 34 ± 36 weeks gestation the difference was signi®cant only at 105 and 120 min. A potential criticism of this study is that it is not known with certainty that measurements of the thermic effect of food post partum are comparable to measurements before conception. The metabolic alterations of pregnancy may have long lasting effects on a woman's metabolism. Other investigators have not reported a decrease in the thermic effect of food during pregnancy Goldberg et al, 1993 and relative to TEE the thermic effect of food represents only 5 ± 10%.
Increases in the ef®ciency of work have been described in pregnant women as a possible mechanism to explain the discrepancies in energy balance during pregnancy. evaluated eight women longitudinally from the time prior to conception through 36 weeks gestation using 24 h whole body calorimetry in order to assess if pregnancy was associated with energy sparing during weight dependent and weight independent physical activity. Pregnancy decreased the net cost of weight dependent physical activity (stepping) by 10% from 18 ± 36 weeks gestation and weight independent physical activity (cycling) by 26% from 12 ± 36 weeks gestation. However, the net cost of these activities represented only approximately 10% of TEE. Other investigators, however, have reported no increased ef®-ciency of physical activity during gestation (de Groot et al, 1994) .
Decreased maternal activity during pregnancy is an obvious factor to consider in the energy sparing adaptations to human pregnancy. Longitudinal eight-day energy balance studies conducted by de Groot et al (1994) using respiratory chambers in 12 women showed that there was a 10 ± 15% decrease in spontaneous physical activity by the end of gestation in comparison with pregravid measurements. These studies obviously limited subject mobility because of the constraints of the metabolic chambers. The use of the doubly labeled water method obviates the constraints of a metabolic chamber. Furthermore, when combined with measurements of BMR a reasonable estimate of activity plus thermogenesis can be made by subtracting BMR from TEE, that is, TEE 7 BMR activity thermogenesis . Since based on available data the thermic effect of food is relatively constant at approximately 5 ± 10% of TEE, TEE 7 BMR is a reasonable measure of the energy expenditure for physical activity. Forsum et al (1992) using the doubly labeled water method evaluated TEE in 28 Swedish women both before and serially during pregnancy and described a signi®cant 30% decrease in physical activity (TEE 7 BMR) at 16 ± 18 weeks of pregnancy, which returned to pregravid levels by 30 weeks gestation. In contrast, when the same methods were used by Prentice et al (1994) in longitudinal studies of 12 women from Cambridge, there was an increase in the energy expenditure of activity plus thermogenesis until 24 weeks gestation which then decreased to pregravid levels by 36 weeks gestation. The discrepancy of the data may be the result of cultural differences relating to physical activity during pregnancy, a relatively small number of subjects and the 2 ± 8% imprecision in the doubly labeled water method (Prentice, 1990 ). Finally, it should be noted that despite the differences in the mean energy expenditure of activity, there remained a wide variation in estimates of energy expenditure among subjects within each study population.
The last factor which might account for the discrepancies in the energy balance data in pregnancy is the potential of under-reporting food intake by study subjects. The topic was recently reviewed by Prentice et al (1994) . The authors recommended caution in the interpretation of food records of study subjects, as even the most compliant subjects may under-report energy intake (Livingstone et al, 1990) . Forsum et al (1992) and Durnin (1991) have also concluded that under-reporting of nutritional intake may be a signi®cant factor in the discrepancy of the energy balance data in pregnancy. Additional longitudinal studies using the doubly labeled water method are needed, however, to quantify the extent of under-reporting of energy intake in relation to overall energy balance in pregnancy.
Energy balance during lactation
Relative to the amount of data available regarding the energy requirements of pregnancy, there is a paucity of data concerning energy balance during lactation. The estimated energy cost of lactation is approximately 2000 KJad. Forsum et al (1992) in their longitudinal studies in women from prior to conception through pregnancy and lactation employing the doubly labeled water method described an increase in BMR post partum in comparison with measurements before conception. However, postpartum TEE and TEE 7 BMR were similar to measurements before conception. The decrease in energy intake post partum relative to energy expenditure was balanced to a limited degree by an increase in the utilization of maternal fat stores and averaged 0.3 MJad. The authors conclude that their data did not support an increase in metabolic ef®-ciency during lactation.
In a cross sectional study, Piers et al (1995) reported that lactation was associated with a 3% increase in BMR relative to a non-pregnant control group, but there was no difference in the thermic response to a meal. Although postprandial RQ was lower in the lactating group, estimated maternal fat utilization was only 6.4 gad. Because of the methodology used to assess energy expenditure, the authors were unable to quantify physical activity in their subject population. They conclude that the increases in energy expenditure of lactation in their subjects was met primarily by increases in energy intake and to a lesser extent by maternal fat mobilization. They also speculated that there may be an increase (greater than the commonly assumed 80%) in ef®ciency of conversion of food energy into breast milk. proposed that there may be a 95% ef®ciency in milk synthesis resulting in a signi®cant saving in the energy cost of lactation. Prentice et al (1994) and Goldberg et al (1993) in the cohort of women from Cambridge describe a decrease in TEE during lactation (7944, 7687, 7826 KJad at 4, 8, and 12 weeks post partum) compared with the same pregravid non-lactating subjects. The mean energy cost of lactation was 2675 KJad (2230 KJ as milk and 445 KJ as maternal fat deposition). These energy costs were met by a 56% increase in food intake and the remainder by a decrease in physical activity. Lastly in the Gambian studies (Lawrence et al, 1987) there was no decrease in TEE relative to pregravid measurements; the 2000 KJad cost of lactation was met by maternal fat mobilization (850 KJad) and the rest by an increase in diet. In all of these studies the authors again note a wide range in the energy cost of lactation. In the Cambridge ) studies (n 10) the range in the energy cost of lactation ranged from 72400 KJad to 760 KJad. Therefore meaningful recommendations regarding nutritional intake during pregnancy and lactation remain problematical, the energy requirements of lactation being met by maternal fat utilization unless there is either an increase in caloric intake or decrease in physical activity.
Relationship between energy expenditure, accretion of adipose tissue and insulin sensitivity in pregnant women
A common ®nding in all of the previously mentioned studies is the wide variability in all of the metabolic parameters measured during human gestation, even within homogeneous ethnic populations. Data in non-pregnant subjects have shown that glucose insulin sensitivity was related to long-term changes in weight and certain aspects of energy expenditure. Swinburn et al (1991) in the Pima Indian population have reported that subjects with decreased insulin sensitivity gained less weight as compared with insulin sensitive subjects (3.1 vs 7.6 kg, P`0.0001) over a period of approximately four years. Furthermore, the percent weight change per year was signi®cantly correlated with glucose disposal as estimated from euglycemic clamp studies.
We and others (Buchanan et al, 1990) have previously reported major changes and signi®-cant differences in maternal glucose insulin sensitivity in women with normal and abnormal glucose tolerance prior to and during gestation. Decreased insulin stimulated glucose disposal was the only abnormality of glucose metabolism found before conception in women with nonimmune abnormal glucose tolerance during pregnancy. Response to the hormonal milieu of pregnancy varied depending on the subjects' pregravid insulin sensitivity . Therefore, in a prospective longitudinal study we have examined the relationship between resting metabolic rate, changes in body composition and insulin sensitivity in non-obese women with normal and abnormal glucose tolerance. We hypothesized that the metabolic changes which may take years to develop in non-pregnant individuals may occur over the relatively short duration of human pregnancy because of the signi®-cant changes over time in insulin sensitivity, which may relate to changes in body composition and energy expenditure .
Six women with normal and 10 women with abnormal glucose tolerance during gestation were evaluated prior to conception, in early (12 ± 14 weeks) and late (34 ± 36 weeks) pregnancy. Body composition was estimated by hydrodensitometry with correction for residual lung volume (Goldman & Buskirk, 1961; Keys & Brozek, 1953) , resting energy expenditure was measured by indirect calorimetry using a ventilated hood system after an overnight stay on the research ward, endogenous glucose production was measured after an 11 h fast using a primed constant infusion of labeled (6-6 2 H 2 ) glucose during a 3 h infusion, and insulin sensitivity was estimated using a 2 h euglycemic-hyperinsulinemic clamp (40 mU m 2 min) (DeFronzo et al, 1979) . A detailed description of the study protocol and methods has been published .
There were no signi®cant differences in the demographics, body composition estimates or months to conception between women with normal and abnormal glucose tolerance. All subjects had less than 25% body fat. There was a signi®cant 30% increase in basal hepatic glucose production by late gestation in both groups (P 0.0001) but no difference between groups. The increase in basal endogenous glucose production remained signi®cant (P 0.02) even when adjusted for fat free mass (FFM). There was a signi®cant (P 0.0001) 50 ± 60% decrease in insulin sensitivity with advancing gestation in both groups Acceptable carbohydrate and fat intake PM Catalano when estimated as the glucose infusion rate required to maintain euglycemia in mgakg FFMamin. The women with abnormal glucose tolerance had signi®cantly (P 0.03) decreased insulin sensitivity as compared with women with normal glucose tolerance. These differences were greatest before conception and in early pregnancy, and by late pregnancy the differences in insulin stimulated glucose uptake were much smaller. There was a 7% decrease in insulin sensitivity in women with normal glucose tolerance and a 24% increase in women with abnormal glucose tolerance from the time prior to conception through 12 ± 14 weeks gestation.
The changes in weight, body composition and sum of skinfolds are shown in Table 5 . Although there were signi®cant increases in body fat (P 0.0001) and percent fat (P 0.0001) in both groups over time, there were signi®cant differences between groups in early pregnancy. Subjects with abnormal glucose tolerance had a signi®-cantly smaller increase in body fat (1.3 kg, P 0.04) and percent fat (1.6%, P 0.02) than subjects with normal glucose tolerance. The changes in the sum of skinfolds were consistent with the changes in fat accretion as estimated from hydrodensitometry. When correlated with the changes in insulin sensitivity, there was a signi®cant (r 70.52, P 0.04) inverse correlation between the changes in fat accretion and insulin sensitivity from the time prior to conception through 12 ± 14 weeks (Figure 1) . The decrease in insulin sensitivity at 12 ± 14 weeks was associated with an increase in body fat. In support of the relationship between weight gain and changes in insulin sensitivity during gestation, we reported on the changes in total weight gain during gestation in women with gestational diabetes in comparison with women with normal glucose tolerance. Total weight gain during pregnancy was 2.5 kg less in women with gestational diabetes as compared to those with normal glucose tolerance. Even when adjusted for pregravid weight, maternal age at delivery, lean women with gestational diabetes still had a signi®cantly (2.8 kg, P 0.035) smaller weight gain than a matched control group. The mechanism for the relationship between increased insulin sensitivity before conception and weight gain remains unknown. Swinburn et al (1991) , reported that the correlations in weight gain were more closely related to glucose oxidation as compared with non-oxidative glucose metabolism and speculated that lower glucose oxidation may be related to a reciprocal increase in fat oxidation thereby limiting fat storage. Additionally, while there was both a decrease in carbohydrate oxidation and non-oxidative carbohydrate metabolism during the euglycemic clamp with advancing gestation there was also a signi®cant increase in lipid oxidation . This may represent yet another aspect of maternal metabolic adaptation to pregnancy with signi®cantly greater increases in maternal lipid utilization because of a diminished effect of insulin to suppress maternal lipolysis, thereby making more glucose available for feto-placental oxidative needs with advancing gestation.
The longitudinal changes in basal energy expenditure (VO 2 ) and resting energy expenditure (REE) over time are shown on Table 6 . There was a signi®cant increase in energy expenditure in pregnancy. Basal VO 2 increased 27 ± 32% (P 0.0001) when expressed in mLamin and 11 ± 15% (P 0.002) when expressed as mLakg FFMamin. When REE was expressed as kcalamin or kcaladay, there was a signi®cant (P 0.0001) 23 ± 35% increase in REE during gestation. Although there was approximately a mean 7% increase in VO 2 and REE in the control group and only a mean 2% increase in women with abnormal glucose tolerance from the time prior to conception through 12 ± 14 weeks, these differences between groups did not reach statistical signi®cance. However, in the basal state there was a signi®cant inverse correlation (r 70.74, P 0.005) between the changes in basal endogenous glucose production and basal VO 2 from the time prior to conception through 12 ± 14 weeks (Figure 2 ). In three of the subjects with abnormal glucose tolerance, as basal endogenous glucose production increased, there was a decrease in VO 2 relative to measurements before conception, and in one control subject there was essentially no change in VO 2 in comparison with pregravid estimates . There were no signi®cant correlations between changes in basal VO 2 and peripheral insulin sensitivity. Although the mechanism for this correlation remains . Figure 1 Correlation between the changes in insulin sensitivity index and body fat in kg from the time prior to conception to 12 ± 14 weeks gestation.
Acceptable carbohydrate and fat intake PM Catalano speculative, the utilization of glucose as an energy source has been described by Ferrannini (1988) as the most ef®cient means of utilizing oxygen to produce usable energy, namely, ATP. The results of these studies con®rm the hypothesis that changes in maternal insulin sensitivity are inversely correlated with changes in energy expenditure and accretion of body fat in early pregnancy. The ability of women with decreased pregravid insulin sensitivity to conserve energy expenditure and accretion of body fat and yet make available suf®cient nutrients to produce a healthy fetus supports the overall hypothesis of the relationship between the changes in maternal insulin sensitivity and maternal metabolic adaptations to pregnancy.
We speculate that decreased maternal insulin sensitivity before conception represents a reproductive metabolic advantage in women where food availability is marginal and physical activity demands are great. The decrease in energy cost of pregnancy coupled with minimal or no increase in adipose tissue during the process of the development of decreased insulin sensitivity with advancing gestation represents a distinct reproductive metabolic advantage. In contrast, decreased maternal insulin sensitivity before conception in areas of the world where there is plenty of food available and a sedentary lifestyle is more common, may manifest itself as the development of gestational diabetes during pregnancy and possibly non-insulin dependent diabetes mellitus and obesity in later life. In this regard, pregnancy may serve as a paradigm for the longterm metabolic changes that develop over decades in the general population.
Relationship between maternal serum leptin concentrations, body composition and resting metabolic rate in pregnancy Leptin, the product of the ob gene, is expressed in adipose tissue and may function in signaling pathways underlying the regulation of body weight and energy expenditure . In the obaob mice a defect in leptin expression results in the development of obesity, while the administration of recombinant leptin results in exclusive fat loss in the obaob animals and in lean, genetically normal mice (Pelley-Mounter et al, 1995; Halaas et al, 1995; Camp®eld et al, 1995; Weigle et al, 1995) . Additionally, an increase in thermogenesis, VO 2 and activity level in obaob mice receiving exogenous leptin revealed that leptin is involved in the regulation of energy expenditure, in addition to appetite control and reproductive function (Pelley-Mounter et al, 1995) .
Serum immunoreactive leptin levels have been positively correlated with percent body fat and BMI in a variety of human populations (Caprio et al, 1996; Considine et al, 1996; Klein et al, 1996; Hickey et al, 1996) , suggesting that leptin concentrations may be tightly linked to the amount of adipose tissue. The persistence of obesity in humans with increased leptin concentrations suggests a functional leptin resistance is present in obese humans. This insensitivity to increased circulating leptin concentrations has been identi®ed in obese dbadb mice and faafa rats Ogawa et al, 1995) , both of which are defective in the hypothalamic receptor for the ob gene product. These animals have elevated circulating leptin concentrations and are either unresponsive or show diminished sensitivity to the administration of exogenous leptin (Camp®eld et al, 1995; Halaas et al, 1995) . The mechanism for leptin resistance in obese humans, however, remains largely unknown. Highman et al (1998) have recently examined the longitudinal changes in maternal serum leptin concentrations and changes in resting metabolic rate and body composition in 10 women prior to conception and at 12 ± 14 and 34 ± 36 weeks gestation. Basal leptin concentrations were measured by radioimmunoassay, body composition by hydrodensitometry with adjustment for total body water ( 18 O) and resting metabolic rate by indirect calorimetry with a ventilated hood system (Highman et al, 1998) . The results of the changes in maternal leptin concentrations, body composition and VO 2 prior to conception and during pregnancy are shown in Table 7 . There was a signi®cant 66% increase in serum leptin concentrations, a 9% increase in body fat, a 28% increase in VO 2 (mL O 2 amin) and a 9% increase in VO 2 (mL O 2 akgamin) with advancing gestation. There was a signi®cant positive correlation between leptin and body fat prior to conception (r 0.90, P`0.0001), at 12 ± 14 Figure 2 Correlation between the changes in basal endogenous glucose production (DBEGP) in mgakg FFMamin and basal O 2 (VO 2 ) consumption in mLakg.FFMamin from the time prior to conception to 12 ± 14 weeks gestation. .
Acceptable carbohydrate and fat intake PM Catalano weeks (r 0.91, P`0.0001) and 34 ± 36 weeks (r 0.87, P 0.0005) gestation and between leptin concentrations and VO 2 prior to conception (r 0.80, P 0.004), at 12 ± 14 weeks (r 0.92, P`0.0001) and 34 ± 36 weeks (r 0.62, P 0.06) gestation. When VO 2 was adjusted for maternal and feto-placental tissue mass, there was a signi®cant negative correlation between leptin and VO 2 prior to conception (r 70.96, P`0.0001), at 12 ± 14 weeks (r 70.80, P 0.003) and at 34 ± 36 weeks (r 70.70, P 0.02) gestation. However, there were no signi®cant correlations between serum leptin concentrations and VO 2 when VO 2 was adjusted for FFM. These data are consistent with previous reports comparing pregnant women at term with non-pregnant (Schubring & Kiess, 1996) and post partum women (Butte & Hopkinson, 1997) and supports the ®ndings across non-pregnant normal weight and obese subjects that serum leptin levels are correlated with percentage body fat Klein et al, 1996; Hickey et al, 1996; Caprio et al, 1996) . Although there was a correlation of serum leptin with body fat and basal energy expenditure before and during pregnancy, there was no correlation between the changes in serum leptin and either the changes in maternal fat mass or basal energy expenditure at any time during pregnancy. The results of these data emphasize that basal energy expenditure and adipose tissue were insensitive to increased leptin levels throughout pregnancy and`leptin resistance in pregnancy' may represent another important maternal metabolic adaptation necessary for maintaining a viable pregnancy. Additionally, the data collected before conception and in early pregnancy suggest that circulating leptin concentrations may be increased due to factors other than the amount of adipose tissue in pregnant women. These indirect data support the ®ndings of Masuzaki et al (1997) who recently provided evidence for leptin as a placental derived hormone in humans.
Summary and conclusions
Based on the available data there are wide variations in energy expenditure and accretion of maternal adipose tissue between and within various populations. The discrepancy between energy intake and energy expenditure during pregnancy is most probably related to multiple factors including decreased maternal activity, unreliable reporting of energy intake and possibly increased metabolic ef®-ciency of various components of total energy expenditure. Variations in maternal metabolic status (insulin sensitivity) before conception may account for some but not all of the observed variability associated with maternal metabolic adaptations during pregnancy. The function of placental derived leptin as relates to maternal energy expenditure and fat accretion needs to be more fully investigated. Additional prospective longitudinal studies are needed to more fully understand the maternal metabolic adaptations during pregnancy. The implications of these studies may have an impact on the current recommendations of fat and carbohydrate intake in pregnant and lactating women. 
Introduction
In considering the potential impact of pregnancy and lactation on the range of acceptable carbohydrate and fat intake it is useful to start with an appreciation of the modest scale of the additional metabolic demands encountered by women. Human reproduction has undergone an evolutionary`grade shift' in the selection of an exceptionally slow rate of fetal and infant growth in order to allow time for the development and training of a complex brain (Martin, 1980 (Martin, , 1984 . The consequence of this is that, although the mother has to support fetal and infant growth over a long period, the nutritional stress per unit time is the lowest of all mammalian species (Prentice & Whitehead, 1987) . Hence, even the FAOaWHOaUNU estimates of the marginal costs of pregnancy and lactation (which are viewed by many as generous) amount to only 14% and 27% above non-pregnant needs (FAOaWHOaUNU, 1985) . This perspective, together with the impressive range of human metabolic fuel selection described elsewhere in these proceedings (Prentice, 1999) , suggests that reproduction would rarely exert a speci®c constraint on the range of acceptable fat and carbohydrate intakes. The most likely exception would occur at the lower end of fat intake in lactating women who have an obligate need to export fat in their milk. In addressing the issue of reproductive in¯uences on fat and carbohydrate needs Catalano's accompanying paper focuses almost exclusively on pregnancy and emphasises three aspects of the problem: energetic demands in pregnancy; the role of insulin sensitivity in modulating fuel selection and fat accretion; and the possible role of leptin as one of the factors coordinating metabolic responses (Catalano, 1999) . This paper will take a broader view of the issues and include a brief consideration of lactation.
Metabolic plasticity in human pregnancy
The accompanying paper describes the theoretical basis for estimating the energy needs of human pregnancy, and reviews many of the experimental studies using indirect calorimetry and the doubly-labelled water method to quantify these incremental needs in a wide variety of nutritional settings (Catalano, 1999) . Through our extensive involvement in this work, both in the UK and The Gambia, we have been most struck by the profound plasticity in the metabolic response to pregnancy, and the fact that this provides a Acceptable carbohydrate and fat intake PM Catalano powerful mechanism for matching energy (and hence fuel) needs to differing conditions of food availability (Prentice et al, 1995; Poppitt et al, 1994; Prentice et al, 1996) . Figure  1 shows the full range of metabolic costs so far observed in different countries. There is a clear association between the costs of gestation and level of af¯uence, with undernourished women displaying an energy-sparing suppression of the normal increase in basal metabolic rate as well as a restricted amount of fat accretion. These changes are strongly correlated with the women's initial body fatness and with their pregnancy weight gain which are themselves highly correlated and, as would be expected, are re¯ective of each community's state of af¯uence (Figure 2 ). This wide inter-country variance in the total costs of pregnancy is matched by a very substantial inter-individual variance within each country. This has often been viewed as a handicap in establishing estimates of the energy needs of pregnancy and most studies have concentrated on eliminating its effects by averaging results from large samples of women. We have argued that this approach discards valuable biological information which can inform us about the powerful energetic adaptations that appear to have been selected to protect fetal growth under marginal nutritional conditions (Prentice et al, 1995; Poppitt et al, 1994) . Figure 3 shows individual estimates of the total metabolic costs of pregnancy for women from The Gambia, England and The Netherlands. The wide inter-individual range is clearly apparent with the Gambian women clustering at the lower end, but with some degree of overlap. The correlation between the energy needs of pregnancy and prepregnant body fatness that exists on a country-by-country basis also exists on a person-to-person basis within the English and Dutch datasets: thin women display energysparing responses; fatter women show energy-pro¯igate responses Spaaij, 1993) .
The possibility that leptin might regulate these different metabolic responses by providing peripheral feedback on the state of maternal energy stores is discussed below.
The signi®cance of these adaptive responses in energy requirements is that they combine with the¯exibility in fuel selection available in the non-pregnant adult (Prentice, 1998) to provide the organism with the ability to survive and reproduce over a broad range of diets. When combined with the low marginal costs of human gestation this suggests that there is a wide range of acceptable carbohydrate and fat intakes for pregnant women and that, given an adequate energy supply, they are unlikely to encounter dif®culties in maintaining macronutrient balance. However, these comments describe the integrated picture over a whole day or days. The short-term picture may be different. It has long been known that women display the phenomenon of`accelerated starvation' in pregnancy in which there is a more rapid switch to a ketotic-type early starvation state due to a rapid depletion of carbohydrate reserves (Frienkel et al, 1974; Felig, 1973) . In the real-life setting this is usually overcome by the avoidance of extended inter-meal intervals rather than by increasing carbohydrate intake (Metzger & Freinkel, 1987) .
Evidence for altered whole-body fuel selection in pregnancy
Building on a long interest in altered carbohydrate metabolism and glucose homeostasis in pregnancy ), Catalano's paper provides new data on the relationships between maternal insulin sensitivity (both pre-and post-conception) and accretion of adipose tissue during pregnancy (Catalano, 1999; . These studies are very dif®cult to perform given the relative invasiveness of a hyperinsulinemic clamp procedure in pregnancy and the need to recruit subjects prior to Prentice et al (1995) with new data for wellnourished Indian women from Piers et al (1995) .
Acceptable carbohydrate and fat intake PM Catalano S132 conception and then follow them longitudinally (Catalano, 1999; . It is not therefore surprising that sample sizes are marginal for the type of correlation analysis employed, and that some of the observed trends are heavily in¯uenced by data from individual subjects. It is therefore useful to examine other evidence that pregnancy may be characterised by alterations in metabolic fuel selection which might impact on carbohydrate or fat requirements, or might regulate fat storage in the manner suggested by Catalano (1999) . Such evidence can be obtained from the respiratory exchange ratio (RER) measured by indirect calorimetry. A single study of fasting RER by Assel et al (1993) observed a pronounced increase in RER in the 2nd (0.84 AE 0.04) and 3rd trimesters of pregnancy (0.88 AE 0.05) compared to the 1st trimester (0.79 AE 0.04) and to non-pregnant values (0.76 AE 0.05). This would indicate a marked increase in fasting glucose oxidation (with consequent sparing of fat oxidation) in late gestation. However, this result is at variance with other studies and revealed an unlikely internal inconsistency when compared to isotope derived measures of carbohydrate oxidation. Much more informative data can be derived from whole-body calorimetry which can integrate over a 24 h period the many changes in fuel selection caused by activity and eating. Our longitudinal data from English and Gambian women are plotted in Figure 4 . Note that the absolute RER values differ because of the different background diet and hence food quotient, but in each study there is no evidence for a pronounced change in RER (Heini et al, 1992; . These results have recently been supported by data from normal and gestational diabetic women studied in late gestation and again at six weeks post partum (Hsu et al, 1997) . Neither group showed a signi®cant difference in RER.
There therefore seems little evidence that pregnancy causes any notable switch in fuel selection which would necessitate the setting of speci®c recommendations for fat or carbohydrate intakes.
The role of leptin in human pregnancy
Catalano's paper also presents data on the relationships between maternal serum leptin concentrations, body composition and resting metabolic rate in pregnancy (Catalano, 1999; Highman et al, 1997) . Previous observations of a marked elevation in leptin levels during pregnancy such as illustrated in Figure 5 were con®rmed (Hardie et al, 1997; Butte et al, 1997) . Although leptin levels were crosssectionally correlated with the women's absolute body fat mass in Catalano's data, the increase in leptin was much greater than could be accounted for by extra fat accretion. This again con®rms previous observations and suggests a speci®c pregnancy-related function for leptin which has yet to be explained. Leptin may be involved in the control of maternal nutrient availablity as well as in fetal energy homeostasis since serum leptin has been shown to correlate with fetal weight gain (Harigaya et al, 1997) . The marked gestational elevation in plasma Acceptable carbohydrate and fat intake PM Catalano leptin might also be expected to play a role in controlling fuel selection since it has been shown to acutely stimulate glucose metabolism in mice (Kamohara et al, 1997) and to have a direct lipolytic effect on white adipose tissue (Fru Èhbeck et al, 1997) . The fact that RER measurements suggest minimal changes in fuel selection in pregnancy (see above) suggests that these two functions may act in opposition.
It is tempting to suggest that leptin may play a key role in orchestrating the metabolic adjustments in energy metabolism described above. Catalano reports no correlation between changes in serum leptin and either the changes in maternal fat mass or basal energy expenditure, and suggests that`leptin resistance in pregnancy' may represent an important maternal metabolic adaptation necessary for maintaining a viable pregnancy (Catalano, 1999) . We urge caution over these conclusions for two reasons: ®rstly, the sample size in their study was only 10 women; and secondly, because it is premature to employ the term`leptin resistance' before the normal functions of leptin in humans have been described.
Prior to the discovery of leptin we noted that the`close relationship between gestational energy costs and the woman's initial fatness suggests a mechanism by which the body may be able to detect its prepregnant energy reserves and adjust the physiologic response accordingly' . Leptin could provide the mechanism for such signalling and we look forward to larger studies which may clarify the position.
Fuel requirements in lactation
Elsewhere we have extensively reviewed the energetics of human lactation (Prentice & Prentice, 1988) and examined its ef®ciency in a variety of nutritional settings Goldberg et al, 1991) . In the current context the key question relates to whether milk synthesis imposes special needs in terms of maternal fat or carbohydrate requirements.
At peak lactation an average woman would produce about 850 g of milk containing about 30 g fat and 60 g carbohydrate (primarily as lactose). In marginal conditions it is the fat which is likely to create problems. Elsewhere in Figure 4 Twenty-four hour respiratory exchange ratios assessed longitudinally by whole-body calorimetry during pregnancy. Data from Heini et al (1992) and . Figure 5 Changes in serum leptin during pregnancy. Reproduced with permission from Hardie et al (1997) .
Acceptable carbohydrate and fat intake PM Catalano S134 these proceedings (Prentice, 1999) we have summarised FAO data indicating that some countries still have a per capita fat intake as low as 35 gad or less (FAOaWHO, 1994) . Clearly the export of 30 gad in milk would require de novo lipid synthesis or mobilisation of body fat stores under these conditions. Evidence exists that some milk lipid (especially the short and medium-chain fatty acids) are synthesised in the mammary gland, but this is thought to amount to no more than about 35% even on very high carbohydrate diets (Crawford et al, 1976) . Mobilisation of 30 gad from body stores would amount to 1 kg per month with a pro rata reduction if milk lipid was only partially subsidised from maternal adipose tissue. It has frequently been assumed that the biological purpose of fat accretion in pregnancy is to allow for later mobilisation during lactation; an assumption supported by the characteristic hormonal sensitivity of adipocytes from gynoid regions (RebuffeScrive et al, 1985) . However, poor women who cannot lay down fat in pregnancy, and who may traditionally support a prolonged lactation, may not be able to draw on their fat stores. Under these extreme conditions there may be a case for setting a lower limit to acceptable fat intakes.
Conclusions
Current evidence suggests that the degree of¯exibility in human fuel selection together with the low marginal costs of human reproduction make it unlikely that women will encounter dif®culties in maintaining macronutrient balance so long as they have a suf®cient energy supply. The only exception to this may be lactating women on very low fat intakes.
